We performed pump-probe magneto-optical Kerr spectroscopy to explore the role of excitonic effects on the electron and hole spin relaxation in Cd 1−x Mn x Te-based quantum well structures. Particularly, important information is obtained from detailed interpretation of the temperature and wavelength dependence of the observed transient magneto-optics in specially engineered structures. In manganese-rich wells the electron spin relaxation is found to be strongly enhanced in the exciton due to the increased mass of the bound electron-hole pair, in agreement with earlier predictions. An even stronger enhancement of the relaxation time is found for the hole spin, which is explained by the additional mixing of heavy-hole and light-hole states in the bound state. In structures where Mn is confined to the barrier region, a different behavior is observed, indicative for a competition of various contributions.
I. INTRODUCTION
Injection and manipulation of spin polarized carriers into semiconductor structures, so-called spintronics, has become a hot issue in both magnetism and semiconductor communities. 1 Novel device options are being envisioned once sufficient control over the electron spin in hybrid structures is achieved. Diluted and ferromagnetic semiconductors can be considered ideal components of such devices, combining magnetic and semiconducting properties. Much interest has been devoted to achieve spin injection using ferromagnetic semiconductors such as GaMnAs, 2 as well as spin filtering using diluted magnetic semiconductors (e.g., CdMnTe). 3 While the spin dynamics in III-V nonmagnetic semiconductors, particularly GaAs and GaAs/ AlGaAs quantum well structures, has been well studied over the past decade, [4] [5] [6] relatively little attention has been devoted to II-VI diluted magnetic semiconductor (DMS) structures, such as the aforementioned CdMnTe. 7 In particular, a complete insight in the temperature dependence of the spin relaxation, as well as a detailed experimental attempt to compare spin dynamics of free carriers as opposed to excitons is lacking. In this paper we report on such an investigation, using a time-resolved pump-probe magneto-optical technique.
Several processes contribute to the electron spin relaxation in nonmagnetic III/V and II/VI semiconductors and quantum well structures. 8 In semiconductors that lack a center of inversion symmetry, the electron spin relaxation is often dominated by the D'Yakonov-Perel (DP) mechanism, 9, 10 an effect associated with the spin splitting of the conduction band. For centrosymmetric materials, or if momentum scattering is significant, spin-orbit induced Elliott-Yaffet (EY) relaxation 11 may take over the dominant role. Finally, for p-type materials, the high hole density may promote efficient electron-hole scattering, denoted after Bir, Aharonov, and Pikus (BAP). 12 Excitonic binding of electrons and holes at low temperatures may be another reason for an increased BAP contribution. Dynamics of the hole spin is quite contrasting to that of the electron spin. Due to the finite orbital momentum carried by the holes, spin-orbit scattering is a potentially efficient scattering mechanism for the hole spin leading to high relaxation rates. The splitting of the valence band for heavy holes (HH's) and light holes (LH's) in quantum well structures, however, tends to strongly quench this effect, leading to an interesting balance of competing mechanisms at low temperatures. 13 In DMS materials an additional efficient mechanism is exchange scattering of electrons with the local magnetic moments of the magnetic ions, s-d and p-d scattering. More specifically for II-VI DMS, Akimoto et al. 14 performed experiments on CdTe/ Cd 1−x Mn x Te quantum wells, with magnetic manganese ions only in the barrier. A correlation between electron spin relaxation rate and overlap of the wave function with Mn-rich barriers was concluded from the correlation between spin relaxation and confinement energy. An even more direct relation between electron spin relaxation and Mn concentration came from experiments by Koopmans et al. 15 on series of Cd 1−x Mn x Te/ Cd 1−x−y Mn x+y Te quantum wells, in which the confinement energy was kept constant while varying the Mn concentration in the well. In an alternative approach the role of manganese in the spin relaxation process can be inferred from measuring the spin dynamics of the local manganese atoms, instead of the conduction electrons. 16 As to the hole spin, Akimoto 14 found no dependence of its relaxation on the well width, explained by the competition of the consequences of wave function penetration into the barrier and increasing HH-LH splitting at increasing confinement. Finally, Camilleri et al. 17 reported on electron and hole spin relaxation in both n-type and p-type CdMnTe quantum wells with nonmagnetic barriers. The electron spin-relaxation rate was compared with predictions by Bastard et al., 18 who derived a simple expression for the relaxation in infinitely deep quantum wells due to s-d scattering. A satisfactory agreement was found at low temperatures ͑ϳ5 K͒, provided that the exciton mass was used rather than the effective band mass of the free electron. Apart from this indirect relationship, we are not aware of any direct evidence of exciton effects to the spin relaxation in II/VI DMS structures. In this context we would like to mention that distinct dynamics has been observed for excitons and trions in nonmagnetic II-VI semiconductors. 19 In Sec. II of this paper we describe the structures studied with both magnetic and nonmagnetic quantum wells, and briefly review our experimental approach denoted as timeresolved magnetization modulation spectroscopy (TiMMS). The results are reported in Sec. III. We address the basic characterization (covering spectroscopic features and interferometric artifacts, separation of electron and hole signals, magnetic field and fluence dependence) in Sec. III A. A detailed analysis of the electron and hole spin relaxation as a function of temperature is given in Sec. III B, followed by a presentation of experimental data evidencing a strong photon energy dependence of the observed spin relaxation in Sec. III C. Our experimental findings are discussed in Sec. IV, with a strong emphasis on the role of excitonic effects. Finally, conclusions and an outlook are provided in the last section.
II. EXPERIMENTAL
Various Cd 1−x Mn x Te quantum well structures were investigated, in which the magnetic manganese impurities were either incorporated inside the quantum well or in the barrier material. The local band gaps at the quantum wells were adjusted further by adding magnesium. Typical band gaps are 1.6-1.7 eV in the quantum well, tuned to fit within our laser energy range. Quantum well widths range from 6 -10 nm. All samples were grown by molecular beam epitaxy (MBE) The magnetization dynamics of these samples were measured using TiMMS, time-resolved magnetization modulation spectroscopy, an optical pump-probe technique that is described in detail by Koopmans et al. 20 In short, a pulse from a tunable Ti:sapphire laser, is split in two separate pulses with intensity ratio of around 5:1. The high intensity pump pulse is used to spin selectively excite electrons in the quantum wells. The time-delayed, weaker probe pulse is then used to measure the magneto-optical Kerr rotation. Alternatively, the Kerr ellipticity is resolved if a quarter-wave plate is put in the probe beam, just after the sample. 15 Spin-selective excitation is achieved by guiding the pump pulses through a photoelastic modulator (PEM), introducing a circular polarization with a handedness oscillating at 50 kHz. The probe pulses are modulated by placing a mechanical chopper in the probe beam, operating at a frequency of typically 60 Hz. The measured Kerr signal is then led through a series of two lock-in amplifiers, of which the first one is set at the modulation frequency of the PEM and the second one at the frequency of the chopper in the probe beam. Because of this double modulation any possible signal due to pump light reaching the detector is completely suppressed. 20 The samples were mounted in an optical flow cryostat, allowing measurements in the temperature range of 5 -300 K. In order to increase the spectral resolution in the TiMMS experiment, in some of our experiments a monochromator was placed in the probe beam, between the sample and the photodiode detector. This way the spectral resolution is increased from typically 10 nm to around 1 nm, allowing to resolve spectral features such as the exciton from the free electrons. Although the enhanced spectral selectivity is accompanied by an equivalent loss in time resolution (from typically 100 fs to 1 ps), this is not a serious limitation for the ps spin dynamics we concentrate on in this paper.
III. RESULTS

A. Basic characterization
TiMMS spectra obtained for sample A (a single quantum well on a transparent buffer layer) at 5 K and at a fixed time delay ͑5 ps͒ are displayed in Fig. 1(a) . This specific sample configuration may be considered ideal as to study spin dynamics in the quantum well; the optical band gap of the barrier layer is chosen higher than the photon energy so that absorption is restricted to the quantum well region. Ellipticity and rotation are explicitly measured separately. 15 The respective spectra are found to be nicely related via a KramersKronig transformation. A resonant structure near the band gap E 0 is observed, in agreement with the photoluminescence spectrum. As expected, the resonant structure shifts monotonously as a function of temperature, as shown in Fig.  1(b) for the peak position of the rotation spectrum.
While the spectrum is well measurable, one might hope to increase the magneto-optical signal by performing reflection experiments on a multiquantum well structure such as sample B. Figure 1 (c) displays a typical magneto-optical spectrum showing an oscillatory structure. One might be inclined to assign certain features in the spectrum to the successive peaks. However, spectra measured at different temperatures indicate that the positions of the peaks do not follow the temperature dependence of the band gap. This can be seen in Fig. 1 (d), which shows the peak positions as a function of temperature. Two parallel effects are visible: first a gradual temperature dependence of the envelope of the oscillatory magneto-optical signal that follows the shift in band gap, and secondly a shift of the peaks within the envelope. The latter effect is well explained by interferometric effects. Interference causes an additional dependence of the spectrum on the refractive index in the material, which is in its turn dependent on the temperature.
More detailed modeling showed that in fact the magnetooptical signal is made up out of a nonmagnetic contribution, dominated by reflection at the outer surface, and a magnetic signal that is coherently being built up by two transmissions (up and down) through the ten quantum wells, and internally reflecting at the buffer/substrate interface. Although the reflection at the latter interface is relatively small, this is compensated by the efficient and cumulative effect of the Faraday rotation in this quasitransmission configuration. Explicit modeling 21 properly resolves the thickness of the overlayer ͑4.9 m͒ from the fringe period. One may nevertheless use this configuration for a wavelength-dependent measurement of spin relaxation times, though utmost care has to be taken in identifying features in the magneto-optical spectrum.
While part of the complication discussed above may thought to be solved by performing experiments on non transparant buffer layers, such as pure CdTe, this results in optical excitation of e-h pairs in the buffer layer. Consequently, additional TiMMS signals not related to the one from the quantum well under consideration may complicate the analysis, especially for structures with a band gap relatively close to that of CdTe. A separation of electron-spin signals is often still possible due to the difference in g factor. However, hole spin identification gets more troublesome. Therefore, for these structures our analysis will be limited to electron spin relaxation.
The procedure of electron and hole-spin signal separation in the Voigt configuration, measuring the transverse spin lifetime, is illustrated in Fig. 2(a) for sample B. In the presence of an in-plane magnetic field, in this case of 0.65 T, the optically injected electrons will perform a precessive motion with a characteristic Larmor frequency directly related to the electron g factor. However, in a quantum well, the hole spins are frozen by the confining potential, unless the magnetic field is high enough to overcome the heavy hole-light hole splitting. Thus the total signal, representative for the spin component perpendicular to the film plane, is a superposition of an exponentially decaying oscillatory (electron) and nonoscillatory (hole) signal. The induced magneto-optical rotation as a function of time ⌰͑t͒ at an arbitrary excitation energy can thus be written as
where e and h denote the electron and hole spin relaxation times, respectively, and L the electron Larmor frequency. The fit to the data resolves equal amplitudes for electron ͑A e ͒ and hole ͑A h ͒ within satisfactory precision. In passing we want to note that at longer delay times a weaker oscillatory signal with g = 2 remains [inset, Fig. 2(a) ] as a consequence of the local manganese d moments that have been polarized by the optically injected carriers. 7, 17 Although a magnetic field can thus be used to resolve electron and hole spin relaxation, one has to carefully evaluate whether the magnetic field itself does not affect the relaxation process. Therefore, careful experiments as a function of magnetic field have been performed. As a first test, Fig. 2 of the in-field data. More detailed data are represented in Fig.  2(b) , showing the electron and hole spin relaxation time versus field. It is found that the electron spin relaxation is constant within 10% for fields up to 1 T. Consequently, the separation method provides a relatively field-independent value of the electron spin decay time e , and dephasing effects are found to be insignificant. In contrast, the hole spin relaxation time is reduced by a factor of 2 at 0.8 T, in agreement with earlier work. 7 This effect can be assigned to the field induced mixing of heavy hole and light hole states. Care has thus to be taken in discussing hole spin relaxation.
Finally, it has to be verified whether the excitation densities used in our experiments ͑5 J/cm 2 ͒ affect the spin relaxation. In general, for the electron signal, the spin dynamics was found to be relatively independent of laser fluence, as illustrated in Fig. 3(a) . However, in particular at low temperatures we did find a strong dependence of the hole spin relaxation on laser fluence, also illustrated in Fig. 3(a) . In these data obtained at 5 K for sample B (4% Mn), a reduction of h by a factor of 2 at our maximum fluence was observed. This effect could be traced back to a minor laser heating in combination with the extreme temperature dependence of h that is observed for some of our samples in this temperature regime. The effect of laser heating can be well estimated from a measurement of the electron g factor, which shows a strong temperature dependence for DMS materials. In the inset of Fig. 3(b) the electron g factor of sample B is plotted versus temperature, as determined from measurements at a low laser fluence in an applied in-plane magnetic field. The g factor drops monotonously from 50 at 5 K to 2 at 200 K. Figure 3(b) shows the fluence dependence of the g factor at T = 5 K. The observed decrease by 20% can be related to a laser-induced temperature rise of approximately 5 K at the highest fluence. As will be discussed in Sec. III B this has a minor effect on the electron spin relaxation time, but can have a large impact on the hole spin relaxation time.
B. Temperature dependence
Important information on the mechanisms relevant for the electron and hole spin relaxation can be obtained by detailed studies of its temperature dependence. An exemplary case is reproduced in Fig. 4. Figures 4(a) and 4(b) display the electron and hole spin relaxation time, respectively, for sample B as a function of temperature, as derived from fitting the TiMMS time traces at an external field of 0.80 T. At each temperature, the laser energy was tuned to the first peak in the TiMMS ellipticity spectrum. The hole spin relaxation proceeds within a few picoseconds at 5 K, while it virtually vanishes at temperatures above 100 K. The electron spin relaxation time shows a somewhat counterintuitive behavior: it increases monotonously by a factor of three from 2.5 ps to 8 ps while raising the temperature from 5 to 200 K. It was carefully checked that this was the genuine behavior for a near band gap excitation and detection, and it was reproduced for other samples as discussed below.
In order to correctly interpret the spin relaxation rates obtained it should be verified whether electron-hole recom- bination influences the observed dynamics. As an example, the e-h recombination times extracted from transient reflection measurements are depicted in Fig. 4(c) . From 5 to 100 K a slowdown of the recombination is observed, related to the tendency of carriers to distribute over a wider region in k ជ space, which hinders efficient recombination. At higher temperatures a reversed trend is indicative for defectrelated recombination. Independent of the underlying mechanisms, we found for all our samples that the recombination time is sufficiently large compared to the electron and hole spin relaxation time to be able to consider the density of both carrier types constant during the spin relaxation process.
An overview of the temperature dependence of the electron and hole spin relaxation times for various magnetic wells, barriers, and bulk CdTe is given in Fig. 5 . An increase of the electron spin relaxation with temperature is observed for all the magnetic wells. In contrast, the sample with the manganese-rich barrier shows an "ordinary" decrease of spin relaxation with temperature, i.e., a faster relaxation at higher temperatures. Finally, the CdTe bulk sample has again an inverse behavior, though at much slower rates. Overall, a spectacular increase of the spin relaxation rate with Mn content of the structure is witnessed.
The hole spin relaxation is shown in Fig. 4(b) for sample B. Because of difficulties in discriminating the hole spin dynamics from the total signal due to the absence of hole spin precession, as mentioned before, only a limited amount of data has been included. Overall, a strong reduction of spin relaxation time with temperature is found, reducing to the sub-hundreds of femtoseconds for temperatures over 100 K. As mentioned before, around 5 K a strong dependence on laser fluence has been found, related to minor laser heating. It should be noted that the temperatures in the diagram can be a slight underestimate of the actual temperature, since laser heating (maximum 5 K at a base temperature of 5 K) has not been accounted for.
C. Photon energy dependence
Bastard et al. 18 have suggested that the spin relaxation times in diluted magnetic semiconductors should be significantly higher for free electrons and holes than for excitons. Therefore we may assign, as a working hypothesis, the "inverse" temperature dependence of the magnetic barrier samples to dissociation of excitons at elevated temperatures. The exciton binding energy in bulk CdTe is approximately 10 meV, and will be slightly higher in the quantum wells under consideration here. This translates to a characteristic temperature of approximately 120 K, in good agreement with the observed temperature profiles. If this hypothesis were to be taken seriously, one should in principle be able to find a different spin relaxation time at different excitation energies. Excitation well enough above the exciton transition energy will predominantly lead to free carriers. If the exciton formation time is not negligible with respect to the spin relaxation time, our degenerate TiMMS experiment might provide different spin relaxation times depending on excitation energy.
In Fig. 6(a) , TiMMS transients measured at three characteristic energies in the spectrum [see Fig. 6(b) ] are displayed. Even at a first glance it is visible that the transient TiMMS signals depend strongly on excitation energy. In general, a faster relaxation is found when exciting right at the band edge as compared to excitation a higher energies. It turns out to be possible to fit the three sets of curves with two sets of time constants ͑ e , h ͒, as introduced in Eq. (1). In view of a possible interpretation in terms of excitons and free carriers, we label the fitted time constants as e,exc , e,free , h,exc , and h,free , respectively. As a constraint we required the corresponding initial amplitudes to be equal for electrons and holes, A e,exc = A h,exc and A e,free = A h,free , because the same number of electrons and holes is excited. The photon energy dependence of the amplitudes A e,exc ͑ប͒ (squares) and A e,free ͑ប͒ (circles) is depicted in Fig. 6(c) . The fitted relaxation times are given in Table I .
As one of the detailed outcomes to be discussed in the forthcoming section, the "high-energy" electron spin relaxation (tentatively assigned "free" and labeled e,free ) agrees fairly well with the high temperature ͑200 K͒ value obtained right at the band gap (see Fig. 4 ).
Similar energy dependencies have been measured at different temperatures and for different samples. However, when increasing temperatures above 100-150 K, no significant energy dependence has been observed. This would be in agreement with dissociation of excitons at elevated temperatures. Though, it should be mentioned that the limited wavelength range of our laser did not allow for a fully systematic study in this regime.
IV. DISCUSSION
Bastard and Ferreira 18 predicted an enhancement of the s-d exchange scattering in the excitonic state already more than ten years ago, based on calculations of the electron spin relaxation rate by Bastard and Chang. 22 For an infinitely deep quantum well of width w with an effective manganese content of x eff , they predicted for the electron spin relaxation time
where m eff is the effective mass of the electron or, alternatively, of the exciton under consideration. Furthermore the exchange constant for s-d interaction between electrons and manganese moments J equals 0.22 eVϫ a 0 3 / 4, with a 0 being 6.487 Å, and ប is Dirac's constant. Various approximations of x eff to account for antiferromagnetic interactions between neighboring manganese spins can be found in literature. Here we use x eff ͑x͒ = x͑0.01+ 0.73e −6.2x + 0.26e −43.3x ͒ as proposed by Gaj et al. 23 The circles in Fig. 7 show the measured electron spin relaxation rates for samples with a varying amount of manganese in the quantum wells, after excitation close to the band gap. The scattering rate rises with manganese content, an indication of relaxation by s-d exchange scattering. Both measurements at 5 and at 200 K are presented, the latter temperature being well above the exciton dissociation temperature of approximately 120 K. The dashed lines represent the parameter free model by Bastard and Chang 22 [Eq. (2) ] for the distinct dynamics of exciton bound and free carriers by using literature values for the effective mass [m exc = 0.246m e and m free = 0.096m e (Ref. 24) ]. One might expect that such a simple model can only yield a qualitative, orderof-magnitude estimate of the dynamics. However, just by introducing a single overall scaling factor of 1.8, reasonably close to unity, the solid lines are obtained that overlap all data points to a surprisingly high accuracy. The lowtemperature data fall onto the curve for exciton bound electrons, whereas those at 200 K match the curve for free electrons.
Moreover, in Fig. 7 a measurement of e at low temperature ͑5 K͒, but at a higher excitation energy E 3 , see Fig. 6(b) , is added (indicated by a triangle). The spin relaxation time is found to be longer than for excitation at the resonance wavelength and resembles values measured at high temperatures, where the exciton state is no longer stable. This again suggests that the formation of excitons reduces the electron spin relaxation time.
In distinguishing between the different relaxation mechanisms, the temperature dependence of the spin relaxation is of great value. The temperature dependence of the electron spin relaxation was shown in Fig. 5 . First of all, for the manganese rich quantum wells, where the strongest spin relaxation mechanism is the s-d scattering on the manganese impurities, we observe an increase of the spin relaxation time with increasing temperature. The temperature dependence is in qualitative agreement with the formation and dissociation of excitons, as already discussed in the previous paragraph.
Having assigned s-d scattering as the main contribution for the manganese rich wells, we next turn our attention to the Mn-rich barriers. These samples display a strikingly different temperature dependence. We believe that the net behavior is a rather complex mixture of different effects. First of all, the total spin relaxation is significantly slower, allowing for other spin relaxation channels to be of importance. Moreover, the formation of excitons has a secondary effect for the structures, not discussed so far. In the excitonic state, the additional confining Coulomb interaction binding the electron and hole, causes a reduction of the penetration of the electron and hole wave functions into the barrier. Thus the overlap of the wave functions with the manganese rich barriers is reduced. Since the latter overlap is thought to be the main contribution to the spin relaxation, 15, 18, 22 exciton dissociation at elevated temperatures should speed up the spin relaxation, as is indeed observed for these structures. More detailed studies are still needed for a firmer assignment, however.
The bulk CdTe again displays the inverse temperature dependence of e . Clearly, s-d exchange has no influence in the nonmagnetic compound, and a comparison with spin relaxation in GaAs is more appropriate. In low or moderately doped GaAs, spin relaxation is dominated by the DP mechanism, which scales inversely proportional to the momentum relaxation 9 e ϰ p −1 . Thus, as the temperature is increased, the DP mechanism becomes less effective due to an increased momentum relaxation, leading to longer spin relaxation times. In passing, we note that at even higher temperatures, not covered by our experiments, a crossover to the EY spin relaxation mechanism is anticipated, leading to a faster spin relaxation again. A clue for the decrease of e at low temperatures (below 50 K) may be obtained from speculations of exciton-enhanced e-h scattering (BAP mechanism) in GaAs (Ref. 25) and ZnCdSe. 26 Compared to the GaAs case such an effect should be even stronger in the more polar CdTe, and range up to higher temperatures.
Although our discussion mainly focusses on the electron spin, our limited data set on the hole spin does allow for some interesting speculations. It is well known that the hole spin relaxation in bulk nonmagnetic materials is extremely fast, which is caused by an EY-like process, in which due to spin-orbit coupling and the heavy hole-light hole degeneracy orbital momentum can act as an efficient source/sink of spin momentum. Alternatively, in the quantum well the HH-LH splitting hinders this relaxation channel. Though, at finite temperatures states at larger k ជ values are being populated. Since the HH-LH anticrossing is located at relatively low k values, this rapidly leads to an efficient mixing of HH and LH states and recovery of the fast hole spin relaxation. 13 The p-d exchange interaction behaves in a similar way, being formally forbidden in quantum wells at zero temperature, but rapidly increasing in importance at elevated temperature. Thus, both mechanisms could satisfactory explain the fast decrease of h with temperature [ Fig. 4(b) ]. More spectacular, however, is the extreme reduction of the hole spin relaxation rate when going from the bound exciton state to the free holes, as evidenced by the spectroscopic TiMMS results ( Table I) . Part of this effect could be due to the different exciton mass as compared to the free heavy hole mass. However, this difference is smaller than that for the electron mass. Therefore, we conjecture that it is the large spread in k ជ space needed to form a localized exciton that gives rise to a more efficient coupling of heavy hole and light hole wave functions, and thus a faster hole spin relaxation. In this tentative interpretation, the confinement-induced HH-LH splitting, which tends to increase h , competes with excitonconfinement enhanced HH-LH coupling. As to a final assessment of this scenario, as well as the relative importance of s-d exchange and EY scattering, more systematic studies are still needed.
V. CONCLUSION
In conclusion, the role of excitonic effects to the electron and hole spin relaxation in Cd 1−x Mn x Te-based quantum well structures was investigated by means of time-resolved magnetization modulation spectroscopy (TiMMS). Exciton states were distinguished from those of free electron and holes by their different position in the magneto-optical spectrum, and by the observation that they are only present at low temperatures. The electron spin relaxation in manganese-rich wells turned out to be much faster in the exciton due to the increased mass of the bound electron-hole pair, which confirms earlier predictions. The hole spin relaxation rate was enhanced even more, which can be explained by the additional mixing of heavy-hole and light-hole states in the bound state. Overall, we find a satisfactory agreement of the observed spin relaxation time with the parameter-free model of Bastard. 18, 22 In structures where the manganese was confined to the barrier region, the electron spin relaxation increased with temperature due to the higher penetration of the electron wave function in the barrier. The excitons could contribute to this trend by increasing the confinement of the spins inside the quantum wells.
